Abstract Satellite cells are resident muscle stem cells located between the basal lamina and the plasma membrane of myofibers. They play crucial roles in muscle growth during the postnatal stage and muscle regeneration following postnatal development. However, the roles of satellite cells in adult muscles -in muscle growth, function, and adaptation -are poorly understood. Recently, by studying genetically engineered mice with conditionally ablated satellite cells, it has been reported that satellite cells play important roles in muscle growth and maintenance of muscle spindles or neuromuscular junctions, and produce growth factors that affect other organs. Here, we review the recent studies using tamoxifen-inducible Pax7-DTA mice and describe the novel roles of satellite cells in the maintenance of skeletal muscle plasticity.
Introduction
Satellite cells are resident muscle stem cells located between the basal lamina and the plasma membrane of myofibers, which were discovered in 1961 by Mauro 1) . In adults, satellite cells remain mitotically quiescent in a resting condition, but become activated in response to muscle injury, stretch, or mechanical load. Following activation, they replicate and fuse into existing myofibers, and supply myoblasts for muscle growth, regeneration and adaptation. They also have an ability to self-renew and maintain their own population [2] [3] [4] . Although satellite cells were considered to be involved in these processes of skeletal muscle plasticity, the requirement of satellite cells for these processes had not been directly examined.
The paired box transcription factor, Pax7, was identified as a specific marker of both quiescent and activated satellite cells 5) . The universal expression of Pax7 in satellite cells is also maintained in adult murine muscle 5, 6) . Thus, the Pax7 gene was considered to be a good target locus for genetically manipulating cell function. In fact, Pax7-null mice showed poor muscle regeneration following cardiotoxin-induced muscle injury. However, the mice displayed abnormal growth and a high mortality rate (< 10% survival to adulthood) 7) , suggesting that the Pax7-null mouse was not a suitable model for examining whether satellite cells were necessary for muscle growth, regeneration and adaptation following postnatal development. Additionally, conditional depletion of Pax7 in satellite cells following postnatal development did not affect their function, indicating that Pax7 was required for satellite cell function during embryonic and postnatal stages, whereas the function of adult muscle satellite cells was independent of Pax7 expression 8) . Recently, a novel strategy using Pax7-driven Cre recombination to genetically ablate satellite cells in a temporally defined manner has been reported by three different groups [9] [10] [11] . The precise method to ablate satellite cells was well reviewed in a previous report 12) . In brief, Pax7
CreER mice were generated by inserting an IRES-Cre-ERT2 (a tamoxifen-inducible Cre recombinase-estrogen receptor fusion protein 13) ) cassette into the 3'UTR of the Pax7 gene. Next, Pax7
CreER mice were crossed with Rosa 26 DTA mice, in which a loxP-stop-loxP-DTA cassette in the Rosa26 locus was inserted. In Pax7
CreER/+ : Rosa26 DTA/+ mice, Cre-ER was expressed in all satellite cells, but was located in the cytoplasm. Following the administration of tamoxifen, the cytoplasmic Cre-ER bound to tamoxifen and entered the nucleus, so that Cre-loxP recombination was driven to express DTA in the Rosa26 locus and satellite cell was ablated.
The studies using tamoxifen-inducible Pax7-DTA mice clearly demonstrated that muscle regeneration after acute injury failed in the absence of satellite cells [9] [10] [11] . Additionally, under such a condition, ablated satellite cells were not replaced and non-satellite cells were unable to compensate for their function. Thus, satellite cells are responsible for muscle regeneration after acute injury, whereas the role of satellite cells in other processes of skeletal muscle plasticity is poorly understood.
In this review, we mainly focus on the recent studies using the tamoxifen-inducible Pax7-DTA mice and describe a novel role of satellite cells in skeletal muscle plasticity. 
Role of satellite cells in muscular hypertrophy and regrowth following atrophy
Although it had been widely accepted that satellite cells were responsible for skeletal muscle regeneration after acute injury, whether they were necessary for muscle growth in the adult was unknown. Muscular hypertrophy after satellite cell ablation was examined in a few studies, where the plantaris muscle of adult tamoxifen-inducible Pax7-DTA mice was subjected to mechanical overload for 2 weeks by removing synergistic muscles 11, 14) . The same hypertrophy level (increase in muscle mass and fiber cross-sectional area) was observed in the satellite cell ablation mice as in control mice, despite more than 90% absence of satellite cells 11) . However, the plantaris muscle of the satellite cell ablation mice showed a significant reduction in the number of myonuclei per fiber, BrdUpositive myonuclei, small fibers (cross sectional area < 300 µm 2 ), and fibers with central nuclei, compared with those of control mice 11) . Thus, the myonuclear accretion and the de novo formation of new fibers and fiber regeneration were significantly blunted following satellite cell ablation. These findings suggest that satellite cells were not necessary for at least initial muscular hypertrophy, but whether muscular hypertrophy was continued for a long term needed to be examined. For that reason, the tamoxifen-inducible Pax7-DTA mice were subjected to mechanical overload for 8 weeks following synergist ablation surgery 14) . Although the early growth response was normal, an attenuation of muscular hypertrophy (both muscle wet weight and fiber cross-sectional area) was observed in the plantaris muscle of satellite cell ablation mice.
The effect of satellite cell ablation on skeletal muscle regrowth following atrophy was also reported 15) . Adult tamoxifen-inducible Pax7-DTA mice were subjected to either 2 weeks of hindlimb suspension to induce muscular atrophy or 2 weeks of hindlimb suspension followed by 2 weeks of reloading to allow regrowth. In response to suspension, soleus muscle atrophy (decrease in muscle wet weight, fiber cross-sectional area, and single-fiber width) was observed in both satellite cell ablation mice and control mice. Furthermore, the recovery of muscle mass and force after the 2-week reloading period following suspension did not differ between satellite cell-depleted and control muscles, suggesting that satellite cells are dispensable for muscle regrowth following atrophy. Consistent with this, no change in myonuclear number and no evidence of myonuclear accretion were observed during muscle unloading and reloading 16) . Thus, the contribution of satellite cells to the muscle regrowth following atrophy is very limited, and cytoplasmic volume adaptation might be important.
Contribution of satellite cells to muscle maintenance during aging
Skeletal muscle mass and function progressively decline with aging, recognized as sarcopenia 17, 18) . Sarcopenia is one of the main causes of physical disability and poor quality of life 19) . During sarcopenia, loss of skeletal muscle mass is caused by both a loss of myofibers and a decrease in myofiber cross-sectional area 20, 21) . Because myonuclei are post-mitotic, and only satellite cells are added to myofibers and contribute myonuclei, it was hypothesized that a decline in satellite cell replenishment of myonuclei contributed to sarcopenia 22, 23) . In fact, a recent study clearly showed that the number of satellite cells decreases with age, and muscle regeneration is insufficient in aged mice 24) . However, this hypothesis has recently been challenged by two research groups independently, using a mouse model of ablated satellite cells in young adult muscle throughout the life of the animal 25, 26) . Peterson and colleagues administered tamoxifen to adult (4 months of age) Pax7
CreER -DTA mice to ablate satellite cells, and then allowed them to lead a sedentary life to 24 months of age. Unexpectedly, a detailed analysis of multiple hindlimb muscles revealed that muscle mass, myofiber cross-sectional area, and fiber type composition did not differ between satellite cell-depleted and control muscles during aging, suggesting that the reduction in satellite cells did not accelerate sarcopenia 25) . Kardon and colleagues continuously administered tamoxifen to adult Pax7 CreER -DTA mice from 6 months to 12 months of age to completely ablate satellite cells, and then allowed them to lead a sedentary life to 20 months of age. Consistent with the report by Peterson and colleagues, satellite cells were not required to maintain myofiber cross-sectional area of most hindlimb muscles (TA, plantaris, soleus) 26) . However, ablation of satellite cells led to a decline in myofiber cross-sectional area in EDL 26) , suggesting that the extent of the contribution of satellite cells to myofiber maintenance may be different in muscles. Additionally, further studies are needed to determine whether satellite cells are required for muscle maintenance during aging in more physically active mice. Nevertheless, the effect of the decline in satellite cells to sarcopenia might be less than we previously expected.
Role of satellite cells in skeletal muscle function
It is also unclear whether satellite cells play a role in aerobic exercise capacity under non-loading and non-injurious stimulus conditions. A correlation was observed between satellite cell content in plantaris and wheel running performance in rats 27) . Furthermore, it had been reported that satellite cell number increased with wheel running in several hindlimb muscles, but the myofiber nuclear number did not alter 28) , indicating that proliferation and fusion of satellite cells are uncoupled. The contribution of 91 JPFSM : Novel role of satellite cells in skeletal muscle plasticity satellite cells to muscle adaptation in response to aerobic exercise was not well understood.
A recent study evaluated the effect of satellite cell depletion on wheel running performance 29) . Adult tamoxifen-inducible Pax7-DTA mice were subjected to 8 weeks of voluntary wheel running. Pax7+ cells were more than 90% depleted and the wheel running did not result in an increase in Pax7+ cells. Under this condition, interestingly, the Pax7-DTA mice ran remarkably less than control mice (27% less distance and 23% speed). However, the presence of satellite cells did not affect the aerobic adaptation such as fiber-type switching or mitochondrial function. The authors hypothesized that the decrease in running performance was potentially caused by impaired proprioception via disruption of muscle spindle fibers. Consistent with this, grip strength, gait fluidity, and measures of balance and coordination were also decreased in satellite cell-depleted mice, resulting in loss of gross motor coordination.
Muscle spindle fibers are known as proprioceptors involved in motor control and are innervated by both motor and sensory neurons. Each muscle spindle contains small intrafusal fibers to detect the changes in the length of its muscle and conveys the information to the central nervous system via sensory neurons 30) . It was reported that intrafusal fibers have much more Pax7+ cells than extrafusal fibers 31) , assuming that satellite cell depletion might have a more prominent effect on spindle fibers than on the muscle as a whole.
A recent study also revealed the contribution of satellite cells to neuromuscular junction (NMJ) repair and maintenance 32) . Each myofiber requires innervation by a single axon from a motor neuron for promotion of muscle contraction and inhibition of muscle atrophy. At the NMJs, the axon is able to transmit a signal to the myofiber by releasing neurotransmitters, causing muscle contraction. Since the NMJs are not rigid structures, they show remodeling after stimulation by exercise, peripheral nerve injury, or degenerative changes such as aging and neuromuscular diseases 33) . Although multiple mechanisms have been reported to contribute to NMJ regeneration and maintenance 34) , it was thought that satellite cells were not involved in these changes in NMJs. The recent study examined the effect of satellite cell depletion on NMJ regeneration 32) . Adult tamoxifen-inducible Pax7-DTA mice were subjected to sciatic nerve transection, a model of peripheral nerve injury. At 6 weeks after the surgery, satellite cell depletion aggravated myofiber type transitions, switching from myosin heavy chain type IIB to IIA, and force generation capacity declined. Consistent with these phenotypes, satellite cell depletion impaired NMJ reinnervation and changed post-synaptic morphology. Interestingly, satellite cell depletion also led to the loss of postsynaptic myonuclei. The post-synaptic myonuclei are located near NMJs, and are specialized in the expression of NMJ-related genes that are required for local synaptic protein accumulation at NMJs 35) . Therefore, satellite cells are considered to produce post-synaptic myonuclei and contribute to the gene expression program required for the regeneration and maintenance of NMJs.
Crosstalk between satellite cells and other organs
Skeletal muscle and bone are considered to be closely linked to each other. Decreased muscle function caused by physical inactivity or aging is strongly correlated with decreased bone mass and morphology 36, 37) . Therefore, it has been suggested that the crosstalk between muscle and bone is mediated via mechanical stimuli and cytokines 38, 39) . It is also empirically known that the interactions between muscle and bone are important during the bone repair following a fracture. For example, muscle flaps are often clinically used to cover the fractured bone after traumatic injury 40) . However, the roles of muscle in supporting bone fracture repair have not been elucidated in detail. A recent study showed the first evidence for a direct contribution of satellite cells to bone regeneration 41) . Pax7-null and tamoxifen-inducible Pax7-DTA mice were subjected to nonstabilized tibial fracture, and after 7 days, a decrease in the volume of callus, cartilage, and bone was observed, suggesting that the bone regeneration was impaired by satellite cell loss and ablation. More importantly, although bone morphogenetic proteins, insulin-like growth factor 1, and fibroblast growth factor 2 expression were normally upregulated in satellite cells as a healing phenotype in response to fracture, they decreased in Pax7-DTA mice after the fracture. In addition, the impaired bone regeneration in Pax7-DTA mice was improved after treatment with recombinant hBMP2 injection. These findings support the role of satellite cells as a source of growth factors. Since the number of satellite cells decreases with age 24) , the delay of fracture healing in elderly people might be partially due to satellite cells.
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